Two 6-L submerged anaerobic membrane bioreactors (SAMBR) with SRT of 30 and 60 d (denoted as R30 and R60, respectively) were set up and operated for five months, with a mixture of glucose as substrate. Feasibility of SAMBR was studied for treatment of low-strength wastewater. First two months were identified as acclimation stage. A COD removal efficiency was achieved stably at around 99% and biogas productions were maintained at 0.023 and 0.028 L CH 4 /gMLVSSzd for R30 and R60, respectively. Even though R60 contained higher MLVSS concentration, no significant difference of treatment performances between both reactors was found due to the low organic loading rate and high purification function of membrane.
INTRODUCTION
In recent years, there has been growing interests in anaerobic biological treatment for low-strength wastewaters because of its low energy consumption, minimized sludge production and energy recovery through biogas production.
But in practice, difficulty of retaining slow-growth anaerobic microorganisms with short HRT is an issue of concern (Van Haandel & Lettinga 1994), which can be resolved by applying membrane in processes. On the other hand, with growing application experiences from aerobic membrane bioreactors, combination of membrane and anaerobic processes become more and more attractive and feasible.
But few researches were made on anaerobic MBR for treatment of low-strength wastewater so far.
Because anaerobic technologies stemmed from highstrength wastewater treatment, most of anaerobic MBR researches were related to high-strength wastewater.
In addition, cross-flow membrane modules were more popular than submerged membrane modules due to the ease of membrane replacement and cleaning. In these research works, high MLSS or MLVSS concentrations were achieved because of the high organic loading rate applied, which led to satisfied removal efficiency of around 98-99%.
But very fast fouling development became an obstacle of cross-flow anaerobic MBR entering expended-scale application (Ince et al. 1995 (Ince et al. , 1997 Choo & Lee 1996; Kang et al. 2002; Fuchs et al. 2003; He et al. 2005) . Furthermore, high hydraulic shear force from high mixed liquid circulation reduced the activity of microorganisms and effected biogas production (Kim et al. 2001) .
Due to complete retainment of biomass, submerged aerobic MBR, which has specific benefits of high treatment efficiency and small footprint, has been thoroughly studied and widely used in aerobic systems. And the main operation issue -membrane fouling was researched deeply.
The factors were identified as flux, membrane pore size and materials, operation pressure and temperature, hydrodynamics and mixed liquid suspended solid. To control the fouling development, different strategies were investigated, including interval operation, sub-critical flux operation, periodic physical or chemical cleaning etc. (Chang et al. 2002; Jeison & Lier 2006a; Liao et al. 2006) .
Even though certain amount of fundamental principles derived from aerobic MBR can be transferred to anaerobic MBR, anaerobic MBR still needs to be investigated in the areas of operation optimization, membrane fouling mechanism and fouling control.
Compared to cross-flow anaerobic MBR, submerged anaerobic MBR has attracted more interest recently due to large amounts of comparable acknowledge from aerobic MBR operations and fouling researches. But the research effort on SAMBR was still limited. Furthermore, researches on SAMBR with low-strength feed water were rather few. Some specific microorganisms, for example sulfate reducing bacteria, can also be retained in SAMBR and achieved a high sulfate reduction rate (Vallero et al. 2005) . A few fouling mechanisms and control studies have already been conducted in SAMBR systems (Vallero et al. 2005; Jeison & Lier 2006b; Liao et al. 2006) . But most of researches had different operation conditions and data were insufficient for comparison among them. Moreover, the treatment performance -a very important information in SAMBR studies was inconsistent, especially when SAMBR is used to treat low-strength wastewater.
The aim of this study is to investigate the feasibility of SAMBR bioreactor for treatment of low-strength wastewater.
The removal efficiency, biogas production, VFA and biomass growth were tested and used to testify the feasibility of SAMBR. The effect of SRT on treatment efficiency, sludge characteristics and membrane fouling was compared and analyzed.
METHODS

Systems set-up
As shown in Figure 1 , two SAMBR systems (R30 and R60) with SRT of 30 and 60d were set up and operated at ambient temperature ranging from 25 to 308C.
Each of them consisted of a 5 L completely mixed anaerobic reactor coupled with a 1 L gas lifter, in which a submerged plate and frame membrane module was installed. The membrane had pore size of 0.45 mm and a surface area of 0.118 £ 2 m 2 . Three peristaltic pumps were used to feed influent into the anaerobic reactor, recycle mixed liquid from the anaerobic reactor to the gas lifter and suck out permeate from the membrane. A diaphragm gas pump compressed biogas for membrane surface scouring. A pressure gauge was installed before the suction pump to measure the trans-membrane pressure. A wetted gas collector was used to measure biogas production.
A level controller was applied to balance the influent and effluent, and a pH controller was used to maintain the pH of the mixed liquid at 6.8 to 7.0. Table 1 .
To control the membrane fouling development, the suction pump was operated with an intermittent suction cycle of 8 min on and 2 min off. Biogas scouring rate was maintained at 1.5 L/min, which led to a high gas flow intensity of 30 m 3 /m 2 ·h. Each reactors was operated at HRT of 12 hr, leading to an organic loading rate of 1.1 kgCOD/m 3 ·d and a membrane flux of 5.3 £ 10 23 m 3 /m 2 ·h.
Analysis methods
The influent, final effluent (membrane permeate) and mixed liquid were taken from the outlet of the feed pump, the outlet of the suction pump and the main anaerobic reactor, respectively. No particulates were detected in the effluent due to the their complete retention by the membrane. And the supernatant of mixed liquid (sML) was prepared using the centrifugation-filtration procedure with centrifugation at a rate of 9,000 rpm for 10 min followed by filtration using a 0.45-mm filter. 
where, R inf -eff is the total removal rate; R inf -sML is the supernatant removal rate; R sML -eff is the supernatant membrane removal rate; C inf is the concentration of influent; C sML is the concentration of supernatant of mixed liquid; C eff is the concentration of effluent.
Membrane fouling resistance was evaluated using de-ionized water. And the calculation was based on the resistance-in-series model. According to this model, the permeation flux (J) takes the following forms (Choo & Lee 1996) :
where, TMP is the trans-membrane pressure; m is the dynamic viscosity of the permeate, which is 1.002 £ 10 23 N·s/m 2 ; R t is the total resistance and determined and supernatant membrane removal (R sML -eff ) of the two SAMBRs also exhibited similar acclimation and stabilization trends (Figure 4) .
After the stabilization of the SAMBRs, high R inf -sML values indicated high biological treatment efficiency.
Considering the high biogas production rate (discussed later), a stably growing microorganism community would grow in the reactor. With membrane filtration, high effluent quality with COD around 5 mg/L was achieved. A very thin biofilm was observed to attach on the membrane surfaces. It worked as a bio-screen and gave a high soluble portion removal rate, even when sML concentration was extremely low. R inf -eff rose from 25% at the first stage and stabilized at approximate 98%, which was not impacted by the concentration flocculation in the supernatant of mixed liquid.
Biogas production and composition
In the first two months, no significant biogas production was detected, and VFA accumulation was very severe, especially for acetic acid. After stabilization, methane measured in the biogas was about 70% and gas production was maintained at 0.023 L CH 4 /gMLVSS·d or 0.67 L CH 4 /d. After acclimation, VFA concentration dramatically reduced to a very low level and at that time, no VFA accumulation was detected. This friendly growth condition for methanogenesis was accompanied with a high biogas production and a high methane composition ( Figure 5 ).
During the acclimation, microorganisms, in response to the new physical -chemical environment, will produce certain enzymes. Two specific metabolism steps: acidogenics and methanogenics are re-balanced (Choo & Lee 1996) . Methane production was sensitive to the concentration of acetic acid, which is the direct precursor of methane and inhibits methanogenics in case of acid accumulation. 
SRT effect
In this study, R30 and R60 were set up to investigate the effect of SRT on SAMBR treatment performance and membrane fouling. Figure 6 showed the comparison of sludge concentration between two reactors. After first 2 months, biomass concentration only rose by 30% and achieved 4,519 and 5,280 mg/L for R30 and R60, respectively.
Although SRT was doubled in R60, the growth rate was still as low as that of R30. The reason could be due to the similar low OLR, which were designed as 1.1 kgCOD/m 3 ·d and led to a similar F/M ratio of 0.2 kgCOD/kgMLVSS·d in two reactors. The result shown that in SAMBR fed with low-strength wastewater, the increase of biomass tended to be consistent, even at different SRTs.
In Figure 7 , COD removal of the two reactors was compared. In both initial acclimation period and later stabilization period, R30 gave a little higher removal efficiency even though it had comparatively higher F/M ratio than R60. And turbidity test shows the concentration of non-flocculation flocs in R60 was much higher than that in R30 (Table 2) , which meant more small particles were generated in R60 because of flocs broken, cell lysis and microorganism metabolism. These fine particles would finally deteriorate the effluent quality and increase membrane fouling potential by easily depositing on the membrane surfaces or in membrane internal pores. Once they attached on membrane surface, it was difficult to remove them efficiently by physical gas scouring.
Membrane fouling characteristics
In five months of operation, according to the TMP reading, no significant membrane fouling was found in R30 and R60 except some temporary points of increase, which might come from the biomass temporarily attached onto certain area of membrane and detached later by shear force.
But as the result of final membrane resistance test shown in 
CONCLUSION
Five-month operation of two submerged anaerobic membrane bioreactors with SRT of 30 and 60d for treatment of low-strength wastewater shows that there was a two-month acclimation period required for SAMBR start-up and a satisfactory treatment performance including biomass concentration, removal efficiency and biogas production were stabilized during the subsequent period. The impact of SRT on the performance of two reactors was not sensitive due to low organic loading rates or similar F/M ratios. But longer SRT would generate more fine particles, which would increase the potential of membrane internal fouling and the deterioration of effluent quality.
